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The structural and optical properties of Zn(S,O) buffer layers were investigated by post-
annealing in air.  As the annealing temperature increased to 500°C, the optical bandgap 
of the Zn(S,O) thin films decreased from 3.59 eV to 2.97 eV.  This optical bandgap 
narrowing was correlated with the composition change of the films by post-annealing.  
The S/Zn ratio decreased from 0.60 to 0.47, as confirmed by EDX analysis.  The Zn(S,O) 
thin film applied to blocking layer in dye-sensitized solar cells diminished the power-
conversion efficiency.  One possible reason is that the Zn(S,O) blocking layer prohibits 
the injection of electron from ZnO to FTO, because of thick Zn(S,O) layer. 
Micrometer-sized polydispersed Al doped ZnO aggregates made up of nanoparticles were 
synthesized by a hydrolysis method for photoelectrode in DSSCs.  The Al doping on 
ZnO aggregates resulted the decrease of open-circuit voltage (Voc) and short-circuit 
current (Jsc).  Consequently, the power-conversion efficiency decreased to 0.92%.  The 
local strain and grain size of ZnO increased with increasing doping concentration.  In 
addition, the morphology of ZnO nanoparticles that compose the aggregates was changed 
to nanorod.  The nanorod will decrease the surface area for dye adsorption than 
nanoparticle and it may cause decreased cell efficiency. 
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Chapter 1. Overview 
 
1.1. CIGS Solar Cells 
 
1.1.1. General Introduction to CIGS Solar Cells 
Over the last decades, the fossil fuels of the earth are rapidly being depleted and 
the demand for highly efficient, low cost and non-polluting sources of energy is intensely 
increasing.  In our need for renewable and eco-friendly energy, photovoltaics are 
considered as the most promising solution of the energy supply problem. 
The Cu(In,Ga)Se2 (CIGS) thin-film solar cells have attracted for use in 
photovoltaic devices, owing to their relatively high efficiency in both large area and 
laboratory-sized solar cells [1,2].  The highest efficiency of CIGS solar cells is 19.9% in 
laboratory scale [3].  As compared with wafer based Si solar cells, thin-film solar cells 
can be easily deposited on large areas of glass [4,5], steel [6], or even polyimide 
substrates, which would make these solar cells lightweight [7]. 
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1.1.2. Structure of CIGS Solar Cells 
Figure 1-1 is a schematic diagram of the CIGS solar cells.  Typically, soda lime 
glass is used as a substrate but other substrates can be used for desired properties of the 
device.  The Na content of the glass plays an important role during the deposition of the 
CIGS absorber.  The Na has positive effects on both electronic and structural properties 
of CIGS and increases the efficiency of final devices [8].  Molybdenum back contact is 
deposited by evaporation or sputtering.  On top of the back contact, the CIGS absorber 
layer with 2-3 μm thickness is deposited.  The bandgap of Cu(InxGa1-x)Se2 can be 
changed by altering the Ga/(In+Ga) ratio.  The bandgap range of Cu-chalcopyrite 
materials is from 1.04 eV (CuInSe2) to 1.68 eV (CuGaSe2) [9].  The buffer layer is 
deposited by chemical bath method (CBD) for improving the device performance.  The 
ZnO window layer is deposited on the buffer layer.  This window layer consists of an 
intrinsic ZnO layer and Al doped ZnO layer.  The intrinsic ZnO layer prevents Al 
diffusion from Al doped ZnO layer to buffer layer [10]. 
  






Fig. 1-1.  Schematic diagram of the layer sequence in a CIGS solar cell [11]. 
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1.2. Buffer Layer of CIGS Solar Cells 
 
1.2.1. The Role of Buffer Layer 
The primary function of the CdS buffer layer in the CIGS solar cells is protecting 
the CIGS layer from the sputtering damage during the deposition of a subsequent 
transparent conducting oxide (TCO) layer [12].  It also reduces the recombination of the 
electron-hole pairs around the absorber-window, and this is achieved in two ways.  The 
buffer layer minimizes the lattice mismatch and makes spike conduction band offset, thus 
achieving an increased open circuit voltage [13-16].  The band diagram for a 
ZnO/CdS/CIGS solar cell is shown in Fig. 1-2. 
 
1.2.2. Advantage of Zn(S,O) buffer layer 
CdS is the most typically used material for high efficiency CIGS solar cells.  
However, CdS has an environmental problem due to the toxicity of cadmium.  Moreover, 
the low bandgap of CdS (2.4 eV) causes optical absorption loss at short wavelength 
region [17].  For these reasons, several materials, such as Zn(S,O), ZnSe, In2S3, and 
ZnMgO, have been investigated as an alternative to CdS buffer layer [12,18-20].  
Among these alternative materials, chemical bath deposited Zn(S,O) (CBD-Zn(S,O)) is 
considered as the most promising buffer layer, because it is non-toxic and has a large 
bandgap (3.6 eV).  The external quantum efficiencies of CuInS2 based device are shown 
in Fig. 1-3.  Due to the higher energy bandgap of Zn(S,O), a net current gain of 1 
mA/cm2 is achieved by replacing the CdS [21,22].  








Fig. 1-2.  Energy band diagram of a CIGS/CdS/ZnO thin films [23]. 
  





Fig. 1-3.  The external quantum efficiencies of CdS/CuInS2 and Zn(S,O)/CuInS2 based 
device.  The difference of the external quantum efficiencies between Zn(S,O) and CdS 
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1.3. Dye-Sensitized Solar Cells 
 
1.3.1. General Introduction to Dye-Sensitized Solar Cells 
Dye-sensitized solar cells (DSSCs) are one of the potential candidates for next-
generation solar cells due to their high durability, large flexibility in shape, color, low cost 
and transparency [24-26].  In 1991, Grätzel and O’Regan reported the dye-sensitized 
nanocrystalline TiO2 solar cell structure [27].  Since then, the power conversion 
efficiency of the DSSCs have been developed rapidly and the DSSCs achieve maximum 
efficiency of 12.3% and lifetime of 10,000 h [26,28]. 
The DSSCs are a photoelectrochemical system, which consist of four primary 
parts (Fig. 1-4).  A mesoporous oxide film composed of a network of TiO2 nanoparticles 
which serves as the photosensitized anode is deposited on transparent conducting oxide 
(TCO) substrate, and the platinum coated fluorine-doped tin oxide (FTO) glass acts as the 
counter electrode [25,29].  The liquid electrolyte, dissolved I-/I3- redox couples play a 
role of a conductor to connect the two electrodes electrically [30].  Dye molecules 
attached on the surface of the TiO2 nanoparticles absorb photons and generate excitons 
which are divided into electron and hole rapidly at the nanoparticle surface [31].  The 
injected electrons into the conduction band of the oxide can pass through the 
nanoparticles and flow into the external circuit.  The redox mediator molecules 
regenerate the oxidized sensitizer dyes [32]. 
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1.3.2. Advantages of ZnO-Based Dye-Sensitized Solar Cells 
 
The photoelectrode is one of the important components in DSSCs.  It should 
have large surface area for adsorbing sufficient dye molecules and make appropriate 
energy level alignment with dye.  For the efficient electron injection from the dye 
molecules to the photoelectrode, the position of the conduction-band edge of 
photoelectrode should be lower than LUMO energy level of the dye [33].  TiO2 is the 
commonly used oxide semiconductor for photoelectrode material, but ZnO is an attractive 
material for nanoscale optoelectronic devices, because it is a wide bandgap 
semiconductor with good carrier mobility.  The conduction band of ZnO (-0.2V versus 
NHE at pH = 1) is similar to TiO2 (-0.28V versus NHE at pH = 2) [34].  The carrier 
mobility of single-crystal ZnO is 115 - 155 cm2/Vs, which is 2 orders of magnitude 
higher than 1 - 4 cm2/Vs in TiO2 [35,36].  Furthermore, different nanostructures such as 
spherical particles, rods, sheets, and tips can be obtained by various fabrication methods 
like sol-gel synthesis, chemical bath deposition, hydrothermal/solvothermal growth, and 
electrochemical deposition [37]. 
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Chapter 2. 
 
Post-Annealing Effects on the Structural and Optical 
Properties of Zn(S,O) Buffer Layer for Thin-Film Solar Cells 
 
2.1. Introduction 
Zn(S,O) buffer layer is one of the most studied buffer layer for replacing CdS, 
because it is non-toxic and has a large bandgap (3.6 eV).  The research of the chemical 
bath deposited Zn(S,O) (CBD-Zn(S,O)) buffer layer started in the beginning of the 1990s 
[1].  However, the most important progress was made by Showa Shell in 1996 [2].  
Since then, the new bath compositions of CBD-Zn(S,O) have been studied, all of them 
leading to very high efficiency of Cd free CIGS compared to their CdS references [3-6].  
Although ZnS has advantages as mentioned above, the conversion efficiencies of CIGS 
solar cells fabricated using CBD-Zn(S,O) buffer layer have not exceeded those of the 
CIGS solar cells with CBD-CdS buffer layer [7,8]. 
There have been many attempts to get over this limitation.  Platzer-Björkman’s 
group reported Zn(O,S) buffer layer deposited by atomic layer deposition (ALD) method 
[9].  They measured efficiencies of CIGS solar cells with different sulfur concentrations 
of Zn(O,S) thin film.  The trend in device performance was that the photocurrent was 
blocked for high sulfur concentration.  On the other hand, when the sulfur concentration 
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was too low, Voc was decreased.  Both the loss of Voc and the blocked photocurrent can 
be explained by the band alignment at the CIGS/Zn(O,S) interface.  The band alignment 
strongly depends on the sulfur concentration [9,10].  Therefore, control of the S/O ratio 
in Zn(S,O) is important for improving the CIGS cell efficiency [11,12]. 
However, the ALD is a very slow process and not applicable to the industry.  On 
the contrary, heat treatment is commonly used in semiconductor processing.  Nair’s 
group reported the decrease of sulfur amount in ZnS thin films confirmed by XRF when 
the chemical bath deposited ZnS thin films were oxidized in air annealing. [13].  
However, the sulfur concentration was not measured quantitatively at each annealing 
temperature. Ennaoui's group observed optical bandgap decrease of CBD-ZnS thin films 
when annealed in argon atmosphere. [14].  But the reason of the bandgap change was 
not explained.  In this point of view, we studied the effects of annealing temperature on 
the composition and optical bandgap of CBD-Zn(S,O).  The sulfur ratio in Zn(S,O) was 
analyzed by EDX method, and increase amount of ZnO in thin films was confirmed using 
XPS.  In addition, the function of the Zn(S,O) blocking layer for ZnO-based dye-
sensitized solar cells was indentified with various Zn(S,O) deposition times. 
 
 
2.2. Experiments  
The Zn(S,O) thin films were deposited on thermally oxidized Si (001) or fused 
silica substrates by following the CBD method of Nakada’s group with some 
modifications [3].  0.15 M of zinc sulfate heptahydrate (ZnSO4·7H2O), 0.6 M of 
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thiourea (SC(NH2)2), and 7 M of ammonium hydroxide (NH4OH) aqueous solutions were 
mixed with stirring.  The mixed solution was heated to 80°C.  The cleaned substrates 
were vertically dipped in the solution for 23 min.  After that, the substrates were taken 
out of the bath, rinsed with distilled water in order to remove the remained solution and 
dried using N2 blower.  To obtain the thick layer, this process was repeated for 8 times.  
The deposited samples were annealed in air at 200°C, 300°C, 400°C, and 500°C for one 
hour.  The Zn(S,O) blocking layer was formed by CBD method on a fluorine-doped tin 
oxide substrate (FTO, TEC 8: Pilkington).  The thickness of the blocking layer was 
controlled by changing the deposition time (10, 15, and 20 min).  After then the DSSCs 
were fabricated using the Zn(S,O) blocking layer deposited on FTO.  The method and 
procedure for fabricating DSSCs will be explained in chapter 3. 
The nanostructural properties of the Zn(S,O) films were analyzed by x-ray 
diffraction (XRD, New D8 Advance: Bruker).  The UV/Visible spectroscopy (Lambda 
35: Perkin-Elmer) was used to measure absorption coefficient α, and the optical bandgap 
(Egop) was reckoned from the α2 vs. hv (photon energy) plot.  The surface morphology 
was observed with field emission-scanning electron microscopy (FE-SEM, SU70: Hitachi, 
Japan).  The compositional analysis of the films was performed by energy-dispersive x-
ray spectroscopy (FE-SEM/EDX, SU70: Hitachi).  The chemical binding energy of the 
elements in the Zn(S,O) films was studied by x-ray photoelectron spectroscopy (XPS, 
AXIS-HIS: KRATOS).  The photocurrent-voltage (J-V) curves were characterized with 
a solar cell measurement (K3000: McScience, Korea) under a solar simulator (Xenon 
lamp, air mass (AM) 1.5, 100 mW/cm2). 
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2.3. Results and Discussion 
Figure 2-1 shows the XRD patterns for Zn(S,O) thin films on oxidized Si (001) 
substrates with various annealing temperatures.  The peak positions and intensities from 
the cubic ZnS (JCPDS #80-0020) and the hexagonal ZnO (JCPDS #36-1451) are shown 
as solid bars. The as-deposited Zn(S,O) thin film had a broad ZnS (111) peak, and post-
annealed samples had ZnS (111), (220), and (311) peaks which can be identified as cubic 
zinc-blende structure.  It is well known that cubic ZnS is stable at room temperature [15].  
Also, the peak intensities increased with increasing annealing temperature, which means 
the enhanced crystallinity of annealed samples.  The ZnO peak was not shown even after 
annealing, which may have resulted from the reason that the ZnO formed in Zn(S,O) thin 
films during annealing has amorphous phase.  Similar XRD patterns were observed in 
Zn(S,O) films by several researchers [16,17]. 
The FE-SEM observation shows morphologies of the as-deposited, 300°C, and 
500°C post-annealed Zn(S,O) buffer layer on oxidized Si (001), as shown in Fig 2-2.  
The Zn(S,O) nanoparticles that had various size distributions from 33 nm to 400 nm 
covered the substrate surface.  The average sizes of nanoparticles were 320 nm, 390 nm, 
and 380 nm, respectively, for the as-deposited, 300°C, and 500°C annealed Zn(S,O) 
buffer layer.  And the number of Zn(S,O) particles per unit area is 2.10 μm-2, 2.42 μm-2, 
and 2.75 μm-2, respectively, for the as-deposited, 300°C, and 500°C annealed sample.  
By increasing annealing temperature, the size and density of Zn(S,O) particles are 
increased with increasing annealing temperature.  

















Fig. 2-1.  X-ray diffraction patterns of as-deposited and post-annealed Zn(S,O) buffer 
layer.  The peak positions and intensities from the cubic ZnS (C-ZnS, JCPDS #80-0020) 

















































































Fig. 2-2.  Plan-view FE-SEM images of the (a) as-deposited, (b) 300°C, and (c) 500°C 
annealed Zn(S,O) buffer layer on oxidized Si (001). 
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The plots of α2 vs. hν near the band edge for the Zn(S,O) films at various 
annealing temperatures are shown in Fig. 2-3.  For a direct-bandgap semiconductor with 
parabolic band shape, the optical bandgap (Egop) is related to the photon energy hν by the 
Tauc’s relation [18]: 
α2 ∝ (hv - Egop).      (2-1) 
Therefore, the optical bandgap was estimated from the α2 vs. hν plot near the band edge.  
The Egop values of the as-deposited and annealed Zn(S,O) samples are summarized in 
Table 2-1.  The optical bandgap values are decreased from 3.59 eV of as-deposited 
Zn(S,O) film to 2.97 eV of 500°C-annealed film.  The reduced optical bandgap was due 
to the composition change of the Zn(S,O) films by the heat treatment [13,17,19]. The 
bandgap of Zn(S,O) films annealed in argon atmosphere was also decreased from 3.80 eV 
of as-deposited film to 2.99 eV of 500°C-annealed film [14].  The reason of bandgap 
change is sulfur evaporation and self-oxidation of the film.  However, in this case 
possible oxidation agent is the remaining water in the film from the bath solution.  The 
tendency of decreased bandgap was analogous to the result of air annealing, but the 
optical bandgap in each annealing temperature was different from air annealing sample.  
Similar result has been observed for chemical bath deposited CdS films annealed in argon 
atmosphere [20].  The 3.59 eV of as-deposited Zn(S,O) matched the literature value for 
cubic ZnS bandgap (3.6 eV).  However, the bandgap of post-annealed samples except 
200°C annealed sample had lower bandgap values (3.09 - 2.97 eV) than both of cubic 
ZnS (3.6 eV) and wurtzite ZnO (3.2 eV).  This phenomenon can be explained by 
bandgap bowing.  The bandgap of Zn(S,O) did not change linearly with a composition 
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change.  Several researchers observed the bandgap bowing of the ZnO1-xSx thin films 
[15,21,22].  But the bandgap of CBD-Zn(S,O) thin films was larger than sputter 
deposited ZnO1-xSx films with the same composition, as shown in Table 2-1.  The 
chemical bath deposited Zn(S,O) thin films contained H2O and Zn(OH)2  which came 
from the bath solution, so the composition of Zn, S, and O was different from sputter 
deposited Zn(S,O) thin films  In the previous works, the bandgap change of the ZnO1-xSx 
alloy was estimated by single fitting line [15,22].  However, the ZnO1-xSx alloy had 
phase separation region composed of wurtzite and cubic structure, so the bandgap change 
can not be explained by just one fitting line.  This result is contradictory to MgxZn1-xO 
alloy [23] and should be supplemented with more detailed studies. 
  

















Fig. 2-3.  A plot of α2 vs. hν near the band edge for as-deposited and post-annealed 
Zn(S,O) thin films with various annealing temperatures.  The dotted lines represent the 
fit of the optical bandgap energy. 
  
























 24 Chapter 2 
Table 2-1.  Optical bandgap of the as-deposited and post-annealed Zn(S,O) at different 
annealing temperatures.  The optical bandgap of sputter deposited ZnO1-xSx thin films at 





200°C 300°C (ZnO0.47S0.53) 
400°C 500°C (ZnO0.53S0.47) 
Egop 3.59 eV 3.37 eV 3.09 eV 3.04 eV 2.97 eV 
Egop [15] 2.61 eV  2.58 eV  2.56 eV 
Egop [22] 2.82 eV  2.77 eV  2.75 eV 
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The zinc, sulfur, and oxygen compositions of as-deposited and post-annealed 
Zn(S,O) buffer layers are shown in Table 2-2.  The EDX analysis was used to identify 
the composition of the Zn(S,O) thin films.  In this results, the sulfur ratio in Zn(S,O) 
films decreased with increasing the post-annealing temperature from 300°C to 500°C. 
The decreasing of S/Zn ratio can be explained by following chemical reaction [13]: 
ZnS + 3/2O2 → ZnO + SO2↑.     (2-2) 
Sulfur of ZnS was oxidized by atmospheric oxygen and sublimated during the post-
annealing.  However, the as-deposited Zn(S,O) had larger oxygen atomic percent than 
300°C annealed sample.  It was caused by the formation of ZnO, Zn(OH)2, and H2O 
during the CBD process as follows: Zn2+ + 2OH- ↔ Zn(OH)2 (solid), Zn(OH)2 ↔ ZnO + 
H2O [4,24].  The H2O evaporated by a thermal energy during the post-annealing process, 
so the S/S+O ratio increased from 0.43 to 0.49.  The analytical precision and accuracy in 
EDX measurements are ± 1 - 2% and the quantitative analysis of oxygen by EDX is 
difficult [25].  For more accurate measurement, CHNS and ICP analysis were tried, but 
these instruments had practical limit to analyze Zn(S,O) thin films.  It is difficult to 
make enough amount of Zn(S,O) sample by CBD method for CHNS analysis.  And the 
exact amount of sulfur is not measured by ICP-AES, because the instrument can not 
precisely detect an anion. 
The core levels (Zn 2p3/2, S 2p1/2, S 2p3/2, and O 1s) of bare and post-annealed 
ZnO are shown in Fig. 2-4.  Each dashed line indicates the binding energy of the ZnS 
and ZnO deposited by CBD method [26-29].  Because the binding energies of the ZnS 
and ZnO are too close, the binding-energy shift of the Zn 2p core level between the bare 
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and annealed sample was not observed.  However, by comparing the O 1s binding 
energy of the ZnO and ZnOH, the relative intensity of ZnO to ZnOH increased with 
annealing temperature.  From this result, the composition change of the Zn(S,O) thin 
films by post-annealing was confirmed once again.  The XPS spectra indicated sulfur 
still remained after 500°C annealing. 
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Table 2-2.  Compositions of as-deposited and post-annealed Zn(S,O) buffer layers. 
 
 Zn at. % S at. % O at. % [S]/[S]+[O] [S]/[Zn] 
As-deposited 42 24 32 0.43 0.60 
300°C 47 25 26 0.49 0.53 
500°C 45 21 33 0.39 0.47 
 
  















Fig. 2-4.  XPS spectra of Zn 2p3/2 for ZnS and ZnO, O 1s for ZnO and ZnOH, and S 
2p3/2 and S 2p1/2 for ZnS with various annealing temperature.  The binding energies of 
chemical bath deposited ZnS and ZnO are shown as dashed lines [26-29]. 
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Figure 2-4 shows the surface morphologies of the bare FTO substrate and Zn(S,O) 
thin films by FE-SEM.  These Zn(S,O) thin films were deposited for blocking layer of 
DSSCs.  The FTO substrates were covered by Zn(S,O) in 2 times deposited sample, but 
100 nm-sized nanoparticles were observed in 4 times deposited sample. 
From the J-V curves of the DSSCs in Fig. 2-5, the Zn(S,O) blocking layer 
depleted the short-circuit current (Jsc).  As the blocking layer became thicker, Jsc 
gradually decreased.  However, the open-circuit voltage (Voc) of the cells with blocking 
layer did not show big difference from the bare cell.  The photovoltaic properties for all 
cells are summarized in Table 2-3.  The decreased power-conversion efficiency results 
by the CBD-Zn(S,O) blocking layer didn’t match up with the electrodeposited and 
thermal evaporated ZnS [30].  One possible reason is that the Zn(S,O) blocking layer 
prohibits the injection of electron from ZnO to FTO, because of high resistivity (over 105 
Ω cm) [31] and thick layer of CBD-Zn(S,O).  For sputter deposited Nb2O5 blocking 
layer, the optimum thickness was just 5 nm with homogeneous coverage [32].  However, 
CBD-Zn(S,O) blocking layer had about 10 nm thickness for 10 min deposition.  This is 
too thick for the electron injection, so the blocking layer will result the decrease of the 
short-circuit current. 
  







Fig. 2-5.  Plan-view FE-SEM images of (a) bare FTO electrode, and Zn(S,O) blocking 
layer coated on FTO electrode with different deposition times of (b) 2 times, and (c) 4 
times. 
  

















Fig. 2-6.  Photocurrent-voltage curves of DSSCs with various Zn(S,O) blocking layer 
deposited times.  The inset shows power-conversion efficiency of DSSCs as a function 
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Table 2-3.  Short-circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF), and 
power-conversion efficiency (η) of the DSSCs with and without blocking layer. 
 
 Jsc (mA/cm
2) Voc (V) FF η 
Bare 6.13 0.613 62.0% 2.33% 
10 min 5.69 0.619 63.0% 2.22% 
15 min 5.44 0.604 59.0% 1.94% 
20 min 4.89 0.616 60.4% 1.82% 
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2.4. Conclusions 
The effects of post-annealing temperature on the structural and optical properties 
of CBD-Zn(S,O) buffer layers were studied.  The chemical bath deposited Zn(S,O) thin 
films had a cubic zinc-blende structure with a poor crystallinity.  As increasing the 
annealing temperature, the crystallinity of Zn(S,O) thin films was increasing.  The 
optical bandgap value decreased from 3.59 eV of as-deposited Zn(S,O) film to 2.97 eV of 
500°C-annealed film.  In addition, the bandgap bowing phenomenon was observed 
during the bandgap change of Zn(S,O) buffer layers.  This optical bandgap narrowing 
was correlated with the composition change of films by post-annealing.  The atomic 
percent of sulfur in Zn(S,O) buffer layers was decreased with increasing the post-
annealing temperature from 300°C to 500°C.  The CBD-Zn(S,O) thin film applied to 
DSSCs blocking layer diminished the power-conversion efficiency.  If the thickness of 
the Zn(S,O) blocking layer is decreased by reducing the deposition time or diluting the 
concentration of the bath, the blocking layer will improve the short-circuit current of the 
DSSCs.
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Chapter 3. 
 
The Effect of Al Doping on the Performance in Nanoporous 
ZnO-Based Dye-Sensitized Solar Cells 
 
3.1. Introduction 
Dye-sensitized solar cells (DSSCs) have been considered as one of the potential 
candidates for next-generation solar cells due to their low cost, high durability, large 
flexibility in shape, various colors, and transparency.  The DSSCs have enormous 
progress since 1991 [1].  The maximum efficiency of 11% and lifetime of 10,000 h have 
been achieved [2]. 
The photoelectrode is one of the important components in DSSCs.  For 
photoelectrode material, large surface area that sufficient dye molecules can be absorbed 
and the suitable energy levels are required for getting high power-conversion efficiency.  
TiO2 is the commonly used oxide semiconductor for photoelectrode material, but ZnO 
has a high potential to be used as a photoelectrode material.  The main reasons are that 
ZnO has similar direct bandgap (~3.2 eV) and the band edges position to those of anatase 
TiO2, and the carrier mobility of single-crystal ZnO (115 - 155 cm2/Vs) is much higher 
than TiO2 (1 - 4 cm2/Vs) [3,4].  Furthermore, various ZnO nanostructures can be made 
by facile and low-cost techniques [5].  In spite of these advantages, the power-
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conversion efficiency of ZnO-based DSSCs is much lower (7.5%) than that of TiO2 solar 
cells (12.3%) [6,7]. 
In this research, we synthesized the micrometer-sized polydispersed ZnO 
aggregates made up of nanoparticles using a hydrolysis method.  In the hierarchical 
photoanode, micron-size aggregates can improve photon absorption by increase of light 
scattering, and supply extensive internal surface area needed for high dye loading.  
Many researchers have reported that the addition of large-sized particles as light 
scatterers enhances the optical absorption due to the lengthened travelling distance of the 
incident light [8-10].  For that reason, the generation of electron-hole pairs is enhanced.  
However, these structures reduce the specific surface area and increase the recombination 
rate because of the extended the path lengths of the electrons.  However, nanoporous 
ZnO aggregates lead effective light scattering without loss of the specific surface area for 
dye loading [7]. 
Doping is commonly used method for change the electrical property of a 
semiconductor.  Several materials such as Al, Sn, I, F, and Li have been reported as 
doping material on ZnO-based DSSCs [11-14].  Among these materials, Al has been 
considered as one of the typical dopants for forming an n-type ZnO with good optical 
quality, low resistivity, and high conductance [15].  It was found that the Al doping 
improves the power-conversion efficiency of DSSCs composed of ZnO nanorod and 
nanofiber [14,16,17].  However, these DSSCs have too low efficiency.  Therefore, in 
our research, Al doped ZnO aggregates (denoted as ZnO:Al) fabricated by a hydrolysis 
method and photovoltaic properties are systematically identified with various Al doping 




For the fabrication of polydispersed ZnO and Al doped ZnO aggregates, zinc 
acetate dihydrate (Zn(CH3COO)2·2H2O) and aluminum acetate (Al(OH)(C2H3O2)2) were 
added to diethylene glycol (C4H10O3) and heated in autoclave at 160°C for 6 h.  The 
concentrations of Al in the solution are 0.1 and 0.5 at. %.  Then, the as-synthesized 
solution was centrifuged at 3000 rpm for 30 min to separate the aggregates from solvent.  
The precipitates were redispersed in ethanol and centrifuged again, and then it was dried 
in the oven at 60°C.  In order to fabricate viscous paste, 1 g of as-synthesized ZnO or 
ZnO:Al powder, 0.6 g of cellulose and 7 ml terpineol were prepared, and these mixtures 
were stirred for a day to make the homogeneous paste [35].  The pastes were smoothed 
on a fluorine-doped tin oxide substrate (FTO, TEC 8: Pilkington) by a one-step doctor-
blade method.  The active area of the photoelectrode was 0.1256 cm2, and the thickness 
of the ZnO aggregates layer was approximately 12 µm.  The as-deposited films were 
annealed at 350°C for 1 hour in air to evaporate any residual organic solvent and enhance 
the necking between ZnO particles. For dye adsorption, the deposited films were 
immersed in 0.5 mM anhydrous ethanol solution of N719 dye (RuL2(NCS)2:2TBA, 
L = 2,2'-bipyridyl-4,4'-dicarboxylic acid, TBA = tetrabutylammonium: Solaronix) for 30 
min at room temperature.  The Pt was deposited on the FTO substrate, served as counter 
electrode, by rf-magnetron sputtering.  A thermoplastic foil (25 μm: Dupont, France) 
stuck the dye-adsorbed ZnO or ZnO:Al electrode and Pt counter electrode, and an iodide-
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based redox electrolyte (AN-50: Solaronix) was injected into the gap between the two 
electrodes. 
X-ray diffraction (XRD, New D8 Advance: Bruker) was used for characterizing 
structural properties of the ZnO electrode.  The photocurrent-voltage (J-V) curves were 
characterized with a solar cell measurement system (K3000: McScience, Korea) under a 
solar simulator (Xenon lamp, air mass (AM) 1.5, 100 mW/cm2).  The surface 
morphology was observed with field emission-scanning electron microscopy (FE-SEM, 
SU70: Hitachi, Japan). 
 
3.3. Results and Discussion 
Figure 3-1 shows the J-V curves for bare and Al doped ZnO-DSSCs with various 
doping concentration.  As the Al doping concentration became higher, the open-circuit 
voltage (Voc) and short-circuit current (Jsc) gradually decreased.  Consequently, the 
power-conversion efficiency decreased with increasing Al doping concentration.  This 
result is contrary to the results of the Li or I doped ZnO-aggregates DSSCs [12,13].  The 
photovoltaic properties are summarized in Table 3-1. 
To explain the reason of the decreased power-conversion efficiency, the changes 
of structural properties with various Al doping concentrations were analyzed by x-ray 
diffraction (Fig. 3-2).  The peak positions and intensities from the hexagonal ZnO 
(JCPDS #36-1451) are shown as solid bars.  The SnO peaks were originated from the 
FTO substrate.  The ZnO and ZnO:Al nanoparticles had a hexagonal wurtzite structure, 
with no secondary phase.  The grain size and local strain of ZnO and ZnO:Al 
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nanocrystals were determined from the Williamson-Hall plot [18,19]. 
The power-conversion efficiency, grain size, and local strain of ZnO nanoparticles 
are shown as a function of Al doping concentration in Fig. 3-3.  The grain size of ZnO 
increased from 33 nm to 41 nm by 0.1 atomic percent doping, and other researchers also 
obtained this tendency [20,21].  In general, as the grain size of the semiconductor oxide 
increases, the specific surface area for dye adsorption decreases [22].  For this reason, 
the short-circuit current density of the ZnO:Al-based DSSCs was decreased [23].  The 
local strain of ZnO also increased from 0.24% (bare) to 0.41% (0.5 at. % Al doping).  
The local strain increment may be contributed to the increased defects caused by the Al 
dopants which are located at the ZnO interstitial site.  As a result, these defects act as 
recombination center of electron-hole pairs and interrupt the movement of carriers 
[24,25].  Therefore, the power-conversion efficiencies of the ZnO:Al-based DSSCs 
decrease. 
Figure 3-4 shows the plan-view FE-SEM images of ZnO with and without Al 
doping.  It can be seen that the morphology of bare ZnO is micrometer-sized aggregates 
consisting of nanoparticles, but the ZnO:Al is nanometer-sized aggregates consisting of 
nanorods.  The result that diameter of nanorod was bigger than nanoparticles was 
consistent with the grain size increase obtained from XRD.  The nanorod will greatly 
decrease the surface area for dye adsorption and it may cause decreased short-circuit 
current.  It was previously reported that the Al dopant affects the morphology of ZnO.  
Lim’s group reported morphology change of the ZnO nanorod by Al doping [16].  The 
Al dopant decreased the diameter of nanorod from 100 nm to 50 nm and changed the 
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shape of nanorod.  In addition, the Al doped ZnO nanorod arrays were denser than 
undoped sample, and the denser structure caused the surface increase for dye loading.  
Waki’s group observed morphology change with various Al doping concentration [14].  
The diameter and length of the ZnO nanorod were increased at 0.5 at. % Al doping 
sample, but they were decreased at 2.5 and 5 at. % Al doping sample.  The sample of 
0.25 at. % Al doping had the smallest dye loading amount, because average diameter was 
about twice as large as others. 
  

















Fig. 3-1.  Photocurrent-voltage curves of DSSCs with various Al doping concentrations.  
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Table 3-1.  Short-circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF), and 
power-conversion efficiency (η) of the DSSCs with and without Al doping. 
 
 Jsc (mA/cm
2) Voc (V) FF η 
Bare 7.29 0.507 56.8% 2.10% 
0.1 at. % 7.07 0.474 47.4% 1.59% 

























Fig. 3-2.  X-ray diffraction of the (a) bare ZnO, (b) 0.1 at. % ZnO:Al, and (c) 0.5 at. % 
ZnO:Al thin films on FTO after annealing at 350°C.  The peak intensities and positions 
from the hexagonal ZnO (JCPDS #36-1451) are shown as solid bars.  
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Fig. 3-4.  Plan-view FE-SEM images of (a) bare, (b) 0.1 at. % ZnO:Al, and (c) 0.5 at. % 
ZnO:Al thin films on FTO after annealing at 350°C.  Magnified images of (d) bare, (e) 
0.1 at. % ZnO:Al, and (f) 0.5 at. % ZnO:Al. 
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3.4. Conclusions 
Micormeter-sized polydispersed Al doped ZnO aggregates made up of 
nanoparticles were synthesized by a hydrolysis method for photoelectrodes in dye-
sensitized solar cells.  In the hierarchical photoanode, micron-size aggregates can 
improve photon absorption by increasing the light scattering, and supply extensive 
internal surface area needed for high dye loading.  However, the Al doping on ZnO 
aggregates lessened the open-circuit voltage (Voc) and short-circuit current (Jsc).  As a 
result, the power-conversion efficiency decreased by Al doping.  The local strain and 
grain size of ZnO aggregates were increased with increasing doping concentration.  The 
increased grain size caused the decreased specific surface area for dye adsorption, and it 
may cause the decreased open-circuit voltage.  The rise of local strain was evidence of 
the increased defect density by Al doping.  Defects act as recombination center and 
interrupt the movement of carriers.  Also, the morphology and aggregate size change 
through Al doping was confirmed by FE-SEM.  The size of nanorods was much bigger 
than nanoparticles of bare ZnO.  It was a definite evidence for decreased surface area.  
For these negative effects, the power-conversion efficiencies of ZnO:Al-based DSSCs 
were decreased.  The amount of adsorbed dye with various Al doping concentrations can 
be carried out by desorbing the dye from the ZnO films to the NaOH solution and then 
measured from the ultraviolet-visible absorption spectra of the resultant solution.  If the 
Al doping concentration is reduced to the condition that does not show morphology 
change of ZnO, the power-conversion efficiency will be increased. 
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 55 국문 초록 
국문 초록 
 
Zn(S,O) 버퍼층의 밴드갭 (bandgap)과 조성의 변화에 후열처리 과정이 
미치는 영향을 살펴보았다. Zn(S,O) 박막의 밴드갭은 후열처리 전 3.59 
eV 였지만 500°C 후열처리에 의해 2.97 eV 까지 감소하였다. 또한 EDX 분석을 
통해 얻은 S/Zn 조성비는 열처리 전 0.60 에서 500°C 열처리 후 0.47 까지 
감소하였다. 이는 공기 중에서 진행된 후열처리 과정에서 박막내의 S 가 
산소와 결합하여 SO2 로 산화된 후 승화했기 때문이라고 생각된다. 화학적 
용액 성장법을 이용해 FTO 위에 증착된 Zn(S,O) 박막은 염료 감응형 
태양전지의 short-circuit current 를 감소시켰다. 이는 증착된 박막의 두께가 너무 
두꺼워 광전극의 전자가 FTO 로 이동하기 어려워졌기 때문이라 여겨진다. 
가수분해를 통해 Al 도핑 된 복잡 분산 nanoporous ZnO aggregates 를 
합성하였다. Al 도펀트 (dopant)는 염료 감응형 태양전지의 short-circuit 
current 와 open-circuit voltage 를 모두 감소시켰다. XRD 분석결과 Al 의 
도핑양이 증가 할수록 ZnO 의 결정립 크기와 로컬 스트레인 (local strain)은 
증가하였다. 또한 aggregate 를 이루는 nanoparticle 이 nanorod 로 변한 것을 
SEM 을 통해 확인하였다. 이러한 모양변화는 염료가 붙을 수 있는 표면적을 
감소시키게 되고, 이 때문에 전지의 효율이 감소하였다고 생각된다. 
 
주요어:  CIGS 태양전지, Zn(S,O) 버퍼층, 염료 감응형 태양전지, 
ZnO 전지, Al 도핑 ZnO. 
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